In this paper an overview will be given of recent developments in systems to measure the internal quality of horticultural produce. First vibration and impact based techniques to nondestructively measure the firmness of fruit will be introduced as an alternative to Magness-Taylor penetrometry. Next optical techniques (NIR and ATR-FTIR spectroscopy) to measure taste components of intact fruit and juices will be discussed. Novel techniques such as time and space resolved spectroscopy for the estimation of light absorption and scattering properties of vegetable tissue, as well as NIR hyperspectral imaging techniques will be addressed, as well as electronic tongues and biosensor arrays. This overview will be concluded with some recent developments in systems to measure aroma such as headspace fingerprint mass spectrometry and electronic noses.
INTRODUCTION
While most commercial quality classification systems for fruit and vegetables are based on the external aspect (colour, size, absence of blemishes, etc.), there is an increasing interest towards incorporating internal quality attributes as well. Consumers now demand fruit and vegetables which not only look nice but also taste well, have an appropriate texture, are free of contaminants and contain sufficient nutritional and health promoting substances. During the last decade several novel systems have been developed to measure these properties conveniently with minimal sample preparation and often nondestructively. Several of them are now commercially available as desktop unit or mounted on a grading line.
The objective of this paper is to give an overview of some recent developments in non-destructive quality measurements. We will focus on systems to measure firmness, taste and aroma.
FIRMNESS Vibration Based Firmness Measurements
The firmness of a fruit is commonly measured by means of a penetrometer. In this test a cylindrical plunger with a standardised diameter is driven into the fruit over a welldefined distance, and the maximum force is expressed as Magness-Taylor (MT) firmness [N] . The penetrometer test simulates the mastication of fruit tissue in the mouth, and the MT firmness incorporates several mechanical properties, including the elastic, shear and rupture properties, of the fruit tissue. The test is to some extent sensitive to the operator, and the MT firmness may be position dependent. While the Magness-Taylor penetrometer is widely being used for measuring the firmness of fruit, it is intrinsically a destructive method. As a consequence, it can only be used for sampling of batches of fruit, and does not allow for firmness-based grading. Alternatively, vibration based firmness measurement techniques have been developed to measure firmness in a nondestructive way. In these techniques, the fruit is impacted with a small hammer, and the resulting mechanical vibration is then measured directly using accelerometers or laser vibrometers or indirectly using a microphone to capture the corresponding sound wave. A computer which is hooked up to the measurement device calculates the frequency response spectrum from the time domain signal by means of a fast Fourier transform. A firmness index 3 / 2 2 m f S is calculated, where f is the first resonance frequency [Hz] and m is the mass of the fruit [kg] (Schotte et al., 1999) . If the fruit shape is far from spherical, as in pears, Jancsók et al. (2001) have shown that an adapted firmness index which includes also a measure of shape (e.g., the length/diameter ratio) is more appropriate.
As the firmness index is related to the elastic properties of the fruit only, it is fundamentally different from the MT firmness. While sometimes an acceptable relationship between both firmness attributes has been found, in other case there was no relationship at all (Johnson and Dover, 2004) . It is clear that more research is required in which large, representative datasets covering different climate zones, orchards, cultivars, production systems should be considered. Also, only limited information about the relationship between firmness index and perceived firmness by expert and consumer panels is available (Schotte et al., 1999) .
Commercial laptop devices are currently available from AWETA (www.aweta.nl), as well as grading lines equiped with high-speed sensors.
Impact Based Firmness Measurements
Related, impact based techniques have been described by Garcia-Ramos et al. (2003) and others. They are based on measuring the force experienced by an impactor while it hits the fruit surface. The Sinclair Internal Quality Firmness tester (SIQ-FT) (www.sinclair-intl.com) is a commercially available pneumatically operated sensor with a head equipped with a piezo-ceramic generator, which is pushed out of the bellow's end to hit the fruit. The impact force is measured and converted into a so-called Sinclair Firmness Index' (SFI). The SFI of a soft fruit is smaller than that of a firm fruit. A good correlation between the penetrometer value and the SFI of melting flesh peaches, nectarines, and plums was found (Valero et al., 2003) . However, like vibration based firmness measurements, impact based firmness measurements essentially measure elastic properties and it is possible that in other applications a similar lack of correlation with MT firmness might be observed. Here as well more research is definitely required.
TASTE Near Infrared Spectroscopy
In NIR spectroscopy, NIR radiation is guided into the product, and some of the backscattered radiation is captured and related to variables of interest via multivariate statistical techniques such as partial least squares regression. As the backscattered radiation spectrum is affected by both the scattering and absorption properties of the tissue, it provides information about the physical structure, and hence the texture, as well as the chemical composition of the fruit.
The potential to measure quality attributes such as sugar content and firmness of intact fruit such as apple by means of NIR spectroscopy has been evaluated extensively during the last 10 years (Lammertyn et al., 1998; Lu et al., 2000; Peirs et al., 2002; Clark et al., 2003; McGlone et al., 2003) . The penetration depth of NIR radiation in apple tissue depends strongly on the wavelength and varies from 1 mm or less for wavelengths larger than 1400 nm, to 1-3 cm for the range 800-1000 nm (Lammertyn et al., 2000; Fraser et al., 2001) . The high acquisition speed of modern diode array based NIR spectrophotometers which often have an integration time well below 100 ms, opens the possibility to mount them on high speed grading lines (Walsh et al., 2004) . Other applications include fast measurement of preharvest maturity for optimal picking date prediction. At the Flanders Centre of Postharvest Technology (Leuven, Belgium), the number of orchards included in the picking date prediction program has been increased from 3 to 150 by the introduction of NIR spectroscopy.
For each fruit species and cultivar a new calibration model is required, and the calibration models should be based on large datasets incorporating different orchards, seasons, cultivation systems etc. (Peirs et al., 2002) . The prediction accuracy also depends on temperature (Peirs et al., 2003) . Finally, the calibration models depend on the spectrophotometer, so that model transfer even between different spectrophotometers of the same brand and type is not straightforward. Commercial devices are available from Sacmi (www.sacmi.com), Aweta (www.aweta.com), Greefa (www.greefa.com) and others.
Time and Space Resolved Spectroscopy
In time-resolved diffuse reflectance spectroscopy (TRS), a pulsed laser source is used to inject photons into the product. Scattered photons are collected and the distribution of their time-of-flight is measured with fast detectors. The advantage of TRS is the fact that the absorption coefficient as well as the transport scattering coefficient can be measured simultaneously, while other optical techniques are intrinsically dependent on the coupled effect of both of them. These coefficients can be used to construct calibration models for fruit quality attributes (Valero et al., 2004) . The equipment is relatively complex, and so far no online implementations have been attempted.
Also space resolved spectroscopy has been used with good results. In this method a sharp, focused light beam is projected onto the fruit surface. Some of the light is backscattered and leaves the fruit in the opposite direction and forms a spot around the incident light beam spot. The spatial attenuation of the spot size as a function of the wavelength is related to the scattering properties of the fruit and has been used successfully to predict firmness of tomato (Tu et al., 2000) and apple fruit (Lu, 2003) .
Hyperspectral Imaging
Most NIR-based techniques are based on point measurements. However, as it is known that quality attributes such as soluble solids content but also firmness may be position dependent, some authors have tried to apply hyperspectral imaging to obtain a more global measure of these quality attributes. In this method, an NIR hyperspectral camera is used to obtain spectra at every position in the fruit. As most hyperspectral imaging systems are line scan devices, a motorised setup is required to scan the product line by line and the hyperspectral image is then reconstructed from these lines. Such a system has been used advantageously to measure the starch index of apple fruit (Peirs et al., 2003b) and bitter pit in apple fruit (Nicolaï et al., 2006) .
FT-IR Spectroscopy
Fourier transform infrared spectroscopy (FTIR) is a well-established technique in chemical analysis. Through FTIR spectrometry with advanced optics and a high signal-tonoise ratio, detection of individual components as well as subtle compositional differences between and among complex samples is possible. FTIR has been used successfully to predict sugar contents in agricultural products (Paradkar et al., 2002) . In addition, attenuated total reflectance (ATR-FTIR) measurements offer interesting possibilities for the analysis of samples containing solids and liquids. In ATR, an infrared beam is coupled into an ATR crystal and guided by total reflection. A small part of the light, the so called evanescent field, escapes from the ATR crystal, enters the juice which has been deposited on top of it, and is wavelength-dependently absorbed. The advantage of ATR-FTIR compared to traditional techniques such as HPLC is the speed of response and the simple sample preparation protocol. While the method is inherently destructivea juice is required -it is potentially useful for either batch sampling or taste screening in breeding applications.
ATR-FTIR was successfully used by Beullens et al. (2006) to classify tomato cultivars based on their sugar and acid profile. In Fig. 1 the score plot of a canonical discriminant analysis of ATR-FTIR spectra of four tomato juices is shown. It is clear that a good discrimination could be obtained.
Electronic Tongues
An electronic tongue is essentially an array of non-specific, low selective chemical sensors with partial specificity (cross-sensitivity) to different components in solution, in combination with an appropriate chemometric method for relating the multivariate response signal to a variable of interest. Different sensor technologies have been used, including potentiometric sensors with lipid/polymer membranes (Toko, 1998) , voltammetric sensors (Winquist et al., 1997) , and potentiometric sensors with chalcogenide and PVC membranes (Legin et al., 1997) . As in FTIR, the sample preparation is simple and the measurement time is short but the method requires a juice. Beullens et al. (2006) used an electronic tongue system to classify tomato cultivars based on their sugar and acid profile.
Commercial systems are available from Alpha MOS (www.alphamoss.com) and ElectroniqueTongue (www.electroniquetongue.com).
Biosensors
Biosensors are becoming increasingly popular in medical diagnosis and food related applications. A biosensor is essentially a combination of a biological sensing system (enzyme, antigen-antibody, aptamers, cells, etc.) and a transducer which converts the biological signal into an electrically or optically measurable one. While biological detection systems such as enzyme kits have been widely used to measure sugar and acid content of juices, the novelty is in the miniaturisation and automation of such methods. Vermeir et al. (2006) developed a high-throughput enzymatic biosensor array system to measure a wide range of sugars and organic acids in 96 and 384 well microtitre plates. Automation was achieved by an automated liquid handling system. The biosensor sensor array was validated on tomato and apple samples for the two different microtitre plate systems.
AROMA Gas Chromatography -Mass Spectrometry
Aroma analysis is traditionally done by means of gas chromatography -mass spectrometry (GCMS). In this technique the headspace of the product is first sampled, either directly using a gas syringe, or via a concentration technique such as purge and trap or solid phase micro-extraction (SPME). The headspace sample is injected in a capillary GC, and every eluting component is transferred to a mass spectrometer where it is fragmented into a mass spectrum. The component can then be identified through a mass spectrum library search. While GCMS remains the standard aroma analysis technique to date, it requires skilled personnel and the analysis time is too long for routine fruit aroma analyses.
Alternative systems have been developed to speed up the analysis time of GCMS. Headspace fingerprint mass spectrometry (HFMS) consists of introducing volatile components present in the headspace of a sample without prior chromatographic separation into the ionisation chamber of a mass spectrometer. The spectrum resulting from simultaneous ionisation and fragmentation of the mixture of molecules introduced constitutes a 'fingerprint' that is characteristic of the product being analyzed. Typically vials with juice loaded into an autosampling system equiped with an SPME injector. While the technique is much faster than traditional GCMS -samples can be analysed every 2-5 minutes, depending on the headspace equilibration time required -headspace equilibration and extraction time and temperature must be controlled carefully to get reproducible results. A disadvantage of the technique is that it is unable to take into account variable odour thresholds. While for some products this may not be a problem, it certainly is when the headspace contains thiols or amines which have a very low odour threshold. HFMS has been used successfully to measure ripeness of apple fruit (Saevels et al. (2004) and the aroma profile of tomato cultivars in a quality system (Berna et al. (2004) .
Other techniques to speed up the gas chromatography analysis have been developed. In fast GC, a capillary column with a very small diameter and short length is used in combination with a sensitive detector. The column temperature is often established using resistance heating which allows very fast heating rates. Mondello et al. (2004) achieved an analysis time of 3.3 minutes for citrus essential oil, which represented an analysis speed gain of almost 14. Applications to rapid aroma screening of horticultural products remain to be seen.
Electronic Nose
Electronic nose systems are sensor arrays which mimic the operation of a human nose. When an atmosphere loaded with volatile components flows over it, each sensor generates a signal. The combined signal of all sensors is then statistically related to, e.g., the response of a human taste panel. Sensors that rely on chemical properties of the target molecule, whether it can adsorb at a particular surface, or be oxidized or reduced, have been developed for a variety of analytes. Popular at present are sensors based on the conduction of semiconductors such as tin oxide or polymers such as polypyrrole (Gardner, 1994; Di Natale et al., 2000) . More sensitive are sensors that 'weigh' impinging molecules such as piezoelectric crystals and surface acoustic wave devices. Piezoelectric crystal sensor arrays ('quartz microbalance based electronic noses -QMBE nose') have been successfully applied for pre-and postharvest aroma profiling of tomatoes and apples (Saevels et al., 2004; Berna et al., 2004) , showing their potential for routine quality assessment. Stability and baseline drift is, however, still a problem, besides cost issues.
An important step in miniaturisation and cost reduction was made by Rakow and Suslick (2000) who developed a two-dimensional array of metalloporphyrins as sensor elements for the visual identification of a wide range of olfactants and even weaklyligating solvent vapors. The color of the sensors change depending on the absorbed volatile molecules, and the resulting 2D fingerprint can be measured with a scanner. While this technology has as far as we know not been used in postharvest applications, it opens up the possibility to low cost, disposable electronic nose sensors.
CONCLUSIONS
Many novel systems have become available to measure internal quality attributes of fruit and vegetables. They typically require less sample preparation than traditional techniques and are faster. Some of them, in particular vibration and impact based techniques for measuring firmness as well as NIR spectroscopy for measuring soluble solids content, are nondestructive and have been mounted on grading lines. As a consequence, grading based on internal quality attributes rather than external appearance becomes possible and this is expected to radically change the way fresh fruit are commercialised.
Many problems remain to be solved, though. It is clear that a successful commercial implementation of these techniques will depend on the reliability of the measurements, their correlation with existing techniques and their price. Fig. 1 . Results of the validation of the canonical discriminant analysis based on ATR-FTIR measurements of four tomato cultivars. + Aranca, Ɣ Climaks, ż Clotilde, Ÿ DRW 73-29.
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